We evaluated the pathophysiologic correlates of right ventricular (RV) thallium-201 (9°1Tl) visualization in three canine models: (1) acute RV pressure overload (RVPO) induced by acute constriction of the pulmonary artery; (2) acute RV volume overload (RVVO) induced by acute left-to-right atrial shunt; and (3) RV hypertrophy (RVH) induced by chronic constriction of the pulmonary artery. Thallium-201 myocardial images, RV and left ventricular (LV) 201T1 tissue accumulation and RV and LV myocardial blood flow (MBF) were compared with control measurements. In control dogs, the right ventricle was not visualized. In dogs with RVPO, RVVO and RVH, the right ventricle was clearly visualized. In RVPO, and to a lesser degree in RVVO, RV/LV 201T1 uptake per gram tissue and RV/LV MBF per gram tissue were increased significantly compared with control, whereas in RVH, these values were not significantly different from control. However, total RV/LV "1Tl tissue uptake and total RV/LV MBF (RV/LV MBF X RV/LV mass) were not significantly different in RVPO and RVH, consistent with the similar degree of RV visualization on 201T1 images. Total RV/LV 201T1 tissue uptake correlated well with the degree of RVH (r = 0.91). However, quantitative a controlled animal model, the role of several factors
analysis of computerized 20111T images correlated less well (r = 0.77) with the degree of RVH.
We conclude that RV visualization at rest in 201T1 images does not necessarily indicate RVH, but may be due to acutely increased RV work load. In acute RVPO, RV visualization is predominantly due to a marked increase of RV MBF per unit tissue, whereas in RVH this is predominantly due to an increase of RV mass.
Although total 20111T tissue accumulation correlates well with the degree of RVH, quantitative analysis in 20111T images appears to be of limited value.
THALLIUM-201 (201T1) is accumulated in the myocardium predominantly as a function of regional myocardial blood flow (MBF).' Myocardial visualization in 201T1 images also is determined by relative myocardial mass. Thus, in normal resting subjects, the left ventricular (LV) myocardium usually is visualized clearly, whereas the right ventricular (RV) myocardium, which has a smaller mass, generally is tiot, or is only faintly visualized.2 However, the right ventricle is generally visualized when blood flow is augmented during exercise. Visualization of the right ventricle at rest with 201T1 is considered abnormal. Cohen et al. 3 proposed 201T1 myocardial imaging as a sensitive means of detecting RV hypertrophy. Recently, Kondo et al.' and Khaja et al. 5 reported 201T1 RV visualization in a variety of congenital and acquired cardiac lesions associated with RV hypertrophy and pressure or volume overload. Although significant 201T1 uptake in the right ventricle generally indicated elevated pulmonary pressures, the degree of RV visualization varied greatly among patients with similar degrees of pulmonary hypertension.
The purpose of the present study was to evaluate, in presumed to affect RV 201T1 visualization at rest. The circumstances of acute RV pressure and volume overload, as well as RV hypertrophy, were evaluated by both quantitative 201T1 imaging and tissue 201T1 distribution studies. In addition, the degree of RV hypertrophy was correlated with quantitative analysis of 201T1 images.
Material and Methods
Thirty-seven healthy mongrel dogs of either sex that weighed 20-30 kg were studied. All dogs underwent 201T1 myocardial imaging. For each study, 500 Ci of 201T1 were injected intravenously and myocardial imaging was performed 5-10 minutes thereafter using a mobile Anger scintillation camera (Searle LEM) interfaced with a dedicated minicomputer (MDS-MUGACART). Imaging was performed in 600 and 70°left anterior oblique (LAO) positions. A symmetric 20% window was centered on the 80-keV photopeak of 201T1. Using a high-resolution, parallelhole collimator, 250,000 counts were accumulated for each image.
The dogs were imaged either in a sedated state (i.v. chlorpromazine, 8-10 mg/kg) or under general anesthesia (i.v. sodium pentobarbital, 30 mg/kg) when imaging was performed before, during or after a surgical procedure. They were intubated and ventilated with a Harvard respirator using pure oxygen. Tidal volume and respiratory frequency were adjusted to maintain arterial Po2 above 100 mm Hg and arterial pH within the physiologic range. Additional doses of anesthetic or gallamine triethiodide were given when necessary to maintain anesthesia. Lead II of the ECG was recorded for monitoring heart rate. 1256 RV VISUALIZATION BY Tl-201/Wackers et al.
Experimental Protocols
Control Group (13 Dogs) Group A. In five dogs, anesthesia was induced as described and 201T1 myocardial imaging was performed with the chest closed. The chest was then opened through a median sternotomy. The pericardium was opened with a 5-cm incision over the RV outflow tract and pulmonary artery which was extended over the left atrial appendage. The left atrial appendage and the femoral artery then were cannulated. The right ventricle was cannulated by introducing a catheter from the external jugular vein. Heart rate and systemic arterial and RV pressure were recorded. Myocardial imaging then was repeated in 600 and 700 LAO views to assess eventual positional changes of the heart within the thorax induced by the surgical procedure. For assessment of MBF, microspheres 15 ± 5 g in diameter labeled with 51Cr, 8Sr or 1"1Ce were used. For each measurement, approximately 2.5 X 106 microspheres (3M Company) were injected through the left atrial cannula, while simultaneous reference blood samples were drawn from the femoral artery at 15 ml/min for 2 minutes according to standard techniques.6 The dogs were then sacrificed.
Group B. In four other dogs, anesthesia was induced, but 201T1 was injected after median sternotomy and exposure of the heart. In this manner, the potential effect of the surgical procedure on 201T1 uptake in the right and left ventricles was assessed. Myocardial scintigraphy was then performed as described above.
Group C. As a control for studies in the sedated state, 201T1 was injected in four additional dogs after sedation with chlorpromazine. The minimal dose of chlorpromazine (8-10 mg/kg) needed to render the dogs sedated but arousable was given. Experience in our laboratory has demonstrated that this low dosage is not associated with major hemodynamic changes. Sedated animals usually have significantly lower heart rate than anesthetized animals. Closed-chest myocardial imaging was performed in 600 and 700 LAO positions.
Acute Banding of the Pulmonary Artery (Six Dogs) All dogs in this protocol underwent control myocardial imaging with 20'Tl after sedation with clorpromazine and 5-7 days before acute banding of the pulmonary artery. For the actual banding experiment, the dogs were anesthetized and a median sternotomy was performed. The femoral artery, left atrium and right ventricle were cannulated and baseline hemodynamic data were recorded. Aortic flow was measured with an electromagnetic flow transducer (Gould Statham) placed around the aorta. An initial left atrial injection with radioactive microspheres (5'Cr) was made for baseline assessment of MBE. The pulmonary artery then was narrowed gradually with a loop of umbilical tape just above the level of the pulmonary valve. RV pressure was increased stepwise with increments of 15-20 mm Hg by tightening the loop. After each increment in pressure, the dog was allowed to stabilize for 5-10 minutes. The end point for pulmonary banding was the highest RV pressure reached without a significant decrease (less than 10%) in mean arterial pressure. When this end point was reached (usually RV pressure two to three times baseline value), the dog was allowed to stabilize for 5-10 minutes. Thereafter, 201T1 (500,uCi) was injected intravenously and myocardial imaging was performed 5 minutes later in the 600 and 700 LAO projections.
These images generally provide the best separation of right and left ventricles. For the assessment of MBF after acute banding of the pulmonary artery, radioactive microspheres (86Sr or '"1Ce) were injected into the left atrium. The dogs were then sacrificed.
Acute Left-to-right Atrial Shunt (Six Dogs) Control 201T1 imaging was performed in all dogs as described above 5-7 days before the experiment. To create a left-to-right shunt, the dogs were anesthesized, a median sternotomy was performed and baseline hemodynamic variables (heart rate, arterial pressure, RV pressure and aortic flow) were measured. An initial intraatrial injection of radioactive microspheres (61Cr) was performed for assessment of baseline MBF. The right and left atria were cannulated and connected with 3/8-inch Tygon tubing passing through a roller pump. For each experiment, blood from a donor dog was necessary to expand circulating volume to maintain forward cardiac output. The magnitude of shunt was assessed by pulmonic: systemic blood flow ratio, determined from readings of electromagnetic flow transducers placed around the aorta and the pulmonary artery. A left-to-right atrial shunt was increased gradually by adjusting the roller pump. A rise of RV end-diastolic pressure to 8-10 mm Hg or RV systolic pressure to 35 mm Hg was considered an appropriate end point for the degree of left-to-right shunting. After hemodynamic stabilization, 201T1 was injected intravenously and myocardial imaging was performed in 600 and 700 LAO positions. Thereafter, radioactive microspheres (85Sr or "'1Ce) were injected into the left atrium for assessment of MBF, after which the dogs were sacrificed.
Induction of Right Ventricular Hypertrophy (12 Dogs)
Baseline 201T1 myocardial imaging was performed after sedation with chlorpromazine. Seven days later, the dogs were anesthesized and the chest was opened under sterile surgical conditions via a left thoracotomy through the third intercostal space. The pericardium was opened to expose the aorta and pulmonary artery and the pulmonary artery was isolated by the exclusion method. After surrounding both vessels with a length of banding tape, the tape was retrieved from behind the aorta with a clamp introduced between the two major vessels, effectively encircling the pulmonary artery with the band. The left atrial appendage and the right ventricle were cannulated. Cardiac output was measured by an electromagnetic flow probe around the aorta. The band around the pulmonary 1257 artery was then tightened gradually until RV pressure was two to three times baseline value. Aortic flow and aortic mean pressure remained within 10% of baseline.
After closure of the pericardium, the chest was closed and the dogs were allowed to recover. Imaging was repeated within 12 hours of surgical banding. Follow-up myocardial imaging was performed at 3-4 weeks in five dogs, 5-7 weeks in three dogs and at 8-12 weeks in 11 dogs after surgical banding of the pulmonary artery.
One dog was sacrificed at 2 weeks and one at 3 weeks after banding of the pulmonary artery. The other 10 dogs were sacrificed 10-12 weeks after banding. Immediately before sacrifice, after repeat thoracotomy, the heart rate, aortic pressure, aortic flow and RV pressure were recorded and radioactive microspheres (51Cr, 8Sr or "14Ce) were injected for assessment of MBF.
Tissue Analysis
After sacrifice, both atria were separated from the ventricles. The RV and LV free walls and the interventricular septum were weighed separately. The total ventricular myocardium was cut into pieces of approximately 1 g each. These tissue samples (usually 12 for the RV free wall, 18 for the LV free wall and five for the interventricular septum) were weighed and their specific radioactivity was measured in a well counter (Beckman). Each radionuclide was assessed independently by differential spectrometry. In the present study, all data refer to tissue measurements of the RV free wall or LV free wall. Because the septum includes myocardium common to both chambers, measurements from the septum were not included.
In this study, RV mass was compared among various groups as the RV/LV weight ratio. The MBF (ml/min) is expressed as the RV/LV ratio of total MBF or as the RV/LV ratio of MBF per gram tissue. Thallium-201 myocardial tissue activity (counts/min) is expressed as the RV/LV ratio of total "'T1 tissue activity or as the RV/LV ratio of 201T1 activity per gram tissue. Comparison of absolute "'Tl tissue activity is not meaningful because it may vary greatly among individual dogs.
Analysis of 201T1 Images
The 20MT1 images were reviewed, graded and quantitated without knowledge of the experimental data. For logistic reasons only, "MTl images of control group C and all images obtained in the dogs with RV hypertrophy could be acquired by computer and were stored on magnetic tape for quantitative analysis. The remaining 201T1 images (control groups A and B and the dogs with either acute banding of the pulmonary artery or left-to-right shunts) were analyzed by subjective interpretation of analog images. In these studies, RV visualization was graded as no RV, faint RV visualization or marked RV visualization.
The digitized 1lT1 studies (128 X 128 matrix, word mode) were analyzed by comparing average counts per pixel in various regions of interest. Six regions of interest were chosen ( fig. 1 ): (1) RV free wall (in control studies not showing RV visualization, this region was chosen arbitrarily as an anatomically appropriate area anteromedial to the septum); (2) LV free wall (the septum and apex were not included); (3) RV background (anteromedial to RV free wall); (4) LV background (along the base of the left ventricle); (5) area of right ventricle (RV free wall and RV cavity), and (6) area of left ventricle (LV free wall, septum and LV cavity). For quantitation of RV visualization and correlation with 201T1 tissue activity and degree of RV hypertrophy, the following ratios of average counts per pixel were assessed: (1) RV free wall/background; (2) RV free wall/LV free wall with and without background correction; and (3) area RV/area LV with and without background correction. The reproducibility of the assessment of count density per pixel was good: For 38 regions, the mean variability between two determinations determined on two occasions was 2 ± 2 counts/pixel.
Statistical Analysis
Data are mean ± SD. Sequential data within the same group were analyzed with the paired t test. The significance of differences among different groups were analyzed using the t test. A p value < 0.05 was considered significant.
Results

Control Group
In group A, the heart rate was 150 ± 20 beats/ min. Thallium-201 myocardial scintigraphy showed normal LV visualization but no, or only faint, RV visualization. Myocardial imaging with the open-chest compared with the closed-chest state revealed a slightly more vertical cardiac position and slight counterclockwise rotation of the heart. We do not believe that these differences affected interpretation of the images. The RV pressure was 25 ± 3 mm Hg and the RV end-diastolic pressure was 2 ± 1 mm Hg. Arterial systolic pressure was 135 ± 20 mm Hg. The results of tissue analysis are summarized in table 1.
The RV/LV weight ratio was 0.42 ± 0.07 (range 0.36-0.52). The MBF in the right ventricle was 0.66 ± 0.17 ml/min/g and in the left ventricle, 1.13 ± 0.34 ml/min/g (p < 0.02). The ratio of RV/LV total MBF was 0.25 ± 0.07 and the ratio of RV/LV MBF per gram tissue was 0.59 ± 0.10. The RV/LV ratio of total 201T1 tissue activity was 0.30 ± 0.06. The RV/LV ratio of 20MT1 activity per-gram tissue was 0.71 ± 0.08.
In group B, the mean heart rate was 135 ± 22 beats/min, which is not significantly different from that in group A. The RV systolic pressure was 26 ± 3 mm Hg and RV end-diastolic pressure was 4 ± 1 mm Hg (NS compared with group A). Arterial pressure was not measured in these dogs. Myocardial imaging with 201T1 showed no or faint RV visualization, and images were comparable in all aspects to those obtained in group A. The RV/LV weight ratio was 0.44 ± 0.01. The ratio of RV/LV total 201Tl tissue activity RV VISUALIZATION BY TI-201/Wackers et al. In group C, the heart rate was 90 ± 14 beats/min (p < 0.005 compared with groups A and B). RV/LV weight ratio was 0.44 ± 0.05. The ratio of RV/LV total 201Tl tissue activity was 0.30 + 0.07 (NS compared with groups A and B). The ratio of RV/LV 201T1 activity per gram tissue was 0.66 + 0.2 (NS compared with groups A and B).
Acute Banding of the Pulmonary Artery
Baseline myocardial scintigraphy 1 week before the experiment in all six dogs showed no or faint visualization of the right ventricle and normal visualization of the left ventricle. Baseline heart rate at the beginning of the experiment at the time of the injection of radioactive, labeled microspheres was 157 + 25 beats/min. Baseline RV systolic pressure was 30 4 mm Hg and RV end-diastolic pressure was 2 + 1 mm Hg. Baseline aortic systolic pressure was 138 ± 20 mm Hg (mean aortic pressure 116 ± 20 mm Hg), and aortic flow was 1.4 0.2 1/min. Baseline RV MBF was 0.70 0.13 ml/min/g and LV MBF was 0.92 ± 0.10 ml/min/g (p < 0.01). Baseline RV/LV ratio of MBF per gram tissue was 0.72 ± 0.09.
After banding of the pulmonary artery, a mean increase in RV systolic pressure of 2.4 0.8 times baseline value was achieved. Mean RV systolic pressure was 82 10 mm Hg (p < 0.001) and RV end-diastolic pressure 8 4 mm Hg (p < 0.025). The heart rate (155 + 22 beats/min), aortic systolic pressure (134 ± 20 mm Hg), aortic mean pressure (1 13 ± 19 mm Hg) and aortic flow (1.3 0.4 1/mmn) were not significantly different from baseline.
Thallium-201 myocardial imaging, performed [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] minutes after stabilization, showed marked 20'T1 uptake in the right ventricle in all cases (fig. 2 ). These images are indistinguishable from those in dogs with established RV hypertrophy ( fig. 3) .
At sacrifice, RV/LV weight ratio was 0.42 0.05 (NS, compared with controls). The RV MBF per gram tissue was 1.65 0.59 ml/min (p < 0.01 compared with baseline), the LV MBF per gram tissue was 1.11 ± 0.41 ml/min (NS compared with baseline and compared with RV MBF after banding) (table 1).
The ratio of RV/LV total 201T1 tissue activity was 0.45 ± 0.07 (p < 0.001 compared with controls). The 
Left-to-right Shunt
Baseline myocardial scintigraphy 1 week before the experiment showed normal images in all six dogs. Baseline heart rate at the beginning of the surgical procedure 1 week later was 162 ± 11.6 beats/min. Baseline RV systolic pressure was 25 ± 5 mm Hg and end-diastolic pressure was 4 + 1 mm Hg. Systolic aortic pressure was 142 ± 28 mm Hg (mean aortic pressure 128 ± 28 mm Hg) and aortic flow was 1.2 ± 0.2 1/min. Baseline RV MBF per gram tissue was 0.61 ± 0.09 ml/min, and LV MBF per gram tissue was 0.83 ± 0.11 ml/min. The ratio of RV/LV total MBF was 0.30 + 0.04 and the ratio of RV/LV MBF per gram tissue was 0.72 + 0.03.
The average magnitude of pulmonic:systemic flow ratio achieved with the left-to-right shunt was 2.8 ± 0.7: 1. After hemodynamic stabilization, the heart rate (153 + 13 beats/min), aortic systolic pressure (130 ± 30 mm Hg), mean aortic pressure (1 13 + 33 mm Hg) and aortic flow (1.0 + 0.1 1/min) were not significantly changed from baseline. The RV systolic pressure was 33 ± 3 mm Hg (p < 0.01 compared with baseline) and RV end-diastolic pressure was 7 ± 3 mm Hg (p < 0.01 compared with baseline).
The right ventricle was visualized by thallium-201 myocardial imaging 5-15 minutes after the stabilization period, but not to the same degree as in the dogs that underwent acute banding of the pulmonary artery. At sacrifice, the RV/LV weight ratio was 0.43 + 0.05 (NS compared with controls). The RV MBF per gram tissue (table 1) had increased to 1.05 ± 0.25 ml/min (p < 0.005 compared with baseline; p < 0.025 compared with controls; NS compared with acute banding of the pulmonary artery). The LV MBF per gram tissue was 1.20 ± 0.10 ml/min (p < 0.001 compared with baseline; NS compared with RV MBF during left-to-right shunt; NS compared with RV MBF after acute banding of the pulmonary artery).
The ratio of RV/LV total MBF was 0.38 ± 0.13
(NS compared with controls and baseline). The ratio of RV/LV MBF per gram tissue was 0.85 + 0.22 (p < 0.001 compared with baseline; p < 0.05 compared with controls). The ratio of RV/LV total 201T1 tissue activity was 0.37 + 0.04. This is not significantly different (NS) from control, but less (p < 0.005) than after acute pulmonary artery banding. The ratio of RV/LV 201T1 myocardial uptake per gram tissue was 0.86 + 0.04. This is greater (p < 0.005) than that in controls, but less (p < 0.005) than that after acute pulmonary artery banding.
Right Ventricular Hypertrophy
Baseline myocardial imaging with 201T1 showed normal images in all 12 dogs. At the beginning of the surgical procedure 1 week later, all dogs had normal hemodynamics: heart rate 136 ± 26 beats/min, RV systolic pressure 27 ± 8 mm Hg, aortic systolic pressure 135 ± 14 mm Hg and aortic mean pressure 121 ± 12 mm Hg. After the banding of the pulmonary artery, a mean increase of 2.1 ± 0.9 times baseline RV systolic pressure was achieved (NS compared with acute pulmonary artery banding). Mean RV systolic pressure increased to 53 ± 24 mm Hg (p < 0.005 compared with baseline; NS compared with acute banding group). After banding, heart rate (139 ± 28 beats/ min), aortic systolic pressure (132 ± 34 mm Hg) and mean aortic pressure (117 ± 25 mm Hg) were not significantly different from baseline values.
Myocardial imaging with 201T1 within 12 hours of pulmonary artery banding showed marked RV visualization in all dogs ( fig. 3 ). Quantitative analysis ( fig. 4 ) of the images revealed a background-corrected RV/LV count ratio of 0.66 ± 0.11 (compared with 0.19 + 0.06 at baseline, p < 0.001). The RV free wall-to-background ratio was 1.9 ± 0.2 (compared with 1.2 ± 0.1 at baseline, p < 0.001).
Repeat imaging during the follow-up period showed marked RV visualization in all dogs. In fact, at any time after banding ( fig. 3 ) and at sacrifice, the degree of RV visualization was strikingly similar. Quantitative analysis of the images obtained at intermediate studies showed that the background-corrected RV/LV count ratio was 0.73 ± 0.13 at 3-4 weeks, and 0.61 ± 0.05 at 5-7 weeks after banding (NS). The RV free wall-to-background ratio at two intermediate studies was 2.0 ± 0.2 ( fig. 4) .
At the time of sacrifice, background corrected RV/ ) . A t sacrifice, 10 weeks after banding of the pulmonary artery, marked R V hypertrophy was present, and the RV/LV weight ratio was 0.77.
LV count ratio was 0.66 ± 0.12 (NS compared with intermediate studies) and RV free wall-to-background ratio was 1.9 0.2 (NS compared with intermediate studies).
SERIAL 201T1 IMAGING
RV systolic pressure before sacrifice was 37.6 ± 10 mm Hg (NS compared with pressure measured shortly after banding). This slight decrease in pressure over time may have resulted from resorption of fat tissuẽ~~~~~~~~~~~~~~~~~~~~~~~~~~~~1 surrounding the pulmonary artery, which gradually reduced the induced pressure gradient despite the fixed length of the band itself.
Aortic systolic pressure was 135 ± 25 mm Hg and mean aortic pressure was 1 15 ± 21 mm Hg, which are not different from values before banding (NS).
At sacrifice, all dogs (including those sacrificed at 2 and 3 weeks after surgical banding) had marked RV hypertrophy. The RV/LV weight ratio (table 1) was 0.80 ± 0.14 (p < 0.001 vs control).
The RV MBF per gram tissue was 0.89 ± 0.37 ml/min in the hypertrophied ventricles, compared with 0.66 ± 0.17 ml/min/g in controls (NS) and 1.65 ± 0.59 ml/min/g shortly after acute banding of the pulmonary artery (p < 0.001). The LV MBF per gram ti'ssue was 1.07 ± 0.41 ml/min in the dogs with RV hypertrophy, compared with 1.13 ± 0.34 ml/min/g in controls (NS) and 1.10 ± 0.41 ml/min/g after acute banding (NS).
Total RV free wall MBF in hypertrophied ventricles was 53 + 2.2 ml/min, compared with 15 ± 4 ml/min in controls (p < 0.005). Total LV free wall MBF in dogs with hypertrophy was 77 ± 31 ml/min, compared with 67 ± 27 ml/min in controls (NS).
The ratio of RV/LV total MBF in dogs with RV hypertrophy was 0.67 ± 0.17, compared with 0.25 ± 0.07 in controls (p < 0.001) and 0.60 ± 0.11 in acute banding of the pulmonary artery (NS). The ratio of RV/LV total MBF correlated well (r = 0.83) with the RV/LV weight ratio.
The ratio of RV/LV MBF per gram tissue was 0.84 + 0.18 in RV hypertrophy, compared with 0.59 ± 0.10 in controls (p < 0.025) and -1.42 ± 0.22 in acute banding of the pulmonary artery (p < 0.00 1).
The ratio of RV/LV total 201T1 tissue activity was 0.59 ± 0.16 in RV hypertrophy, compared with 0.30 ± 0.05 in controls (p < 0.001) and 0.45 ± 0.07 after acute banding of the pulmonary artery (NS) and correlated fairly (r = 0.77) with RV/LV total MBF ratio.
The ratio of RV/LV 201T1 activity per gram tissue was 0.73 ± 0.13 in the hypertrophied ventricle, compared with 0.70 ± 0.11 in controls (NS) and 1.07 + 0.20 in acute banding of the pulmonary artery (p < 0.001).
A similar degree of RV visualization was noted in 201T1 images obtained under conditions of acutely increased RV MBF and of increased RV mass; thus, we compared the product of RV MBF and RV mass with total RV 201T1 tissue activity.
The product of RV/LV weight ratio and RV/LV ratio of MBF per gram tissue (which reflects total RV/LV MBF) and RV/LV ratio of total tissue 201T1 activity are not significantly different in RV hypertrophy and after acute banding of the pulmonary artery ( fig. 5 ). This emphasizes that total RV/LV MBF is the most important pathophysiologic correlate of RV 201T1 visualization.
The RV/LV weight ratio correlated well (r = 0.91) with the ratio of RV/LV total 201T1 tissue activity in 25 dogs (13 control dogs and 12 dogs with RV hypertrophy) ( fig. 6 ). Thus, the degree of RV hypertrophy could be predicted from measuring 201Tl tissue activity. Of the approaches to quantitate RV visualization in 201T1 myocardial images, only background-corrected RV/LV count ratio showed a fair correlation with both total RV/LV 201T1 tissue activity ratio (r = 0.77) and RV/LV weight ratio (r = 0.77). For other quantitative analyses, the correlation was poor: RV free wall-to-background ratio, r = 0.66; uncorrected RV/LV free wall ratio, r = 0.42; area RV/area LV count ratio, r = 0.33; background-corrected area RV/ area LV count ratio, r = 0.52.
Discussion
The present study demonstrates that RV visualization by 201T1 myocardial imaging is determined by RV MBF and RV myocardial mass and therefore by total RV MBF. An acute increase of RV work load by either pressure or volume loading resulted in a substantial increase in RV MBF (table 1) . This response has been documented by others in experimental models. 7 12 The acute increase of RV MBF thus'resulted in a sufficient increase of 201T1 uptake in the RV to allow RV visualization in myocardial images. The increase in RV MBF and 201T1 tissue accumulation was more pronounced in pressure than in volume overload, a finding consistent with previous observations.4 5, 12 Serial myocardial imaging after banding of the pulmonary artery during the development of RV hypertrophy revealed very similar visualization of the right ventricle at any time after surgery. Consistent with these similar 201T1 images is that the product of RV/LV MBF per gram tissue and RV/LV weight (i.e., the ratio of RV/LV total MBF) and RV/LV ratio of total 201T1 tissue accumulation were similar after acute banding of the pulmonary artery and after establishment of RV hypertrophy ( fig. 5 ).
Murray et al. '3 14 reported RV MBF per gram tissue to be increased in RV hypertrophy. In our study, the dogs with RV hypertrophy had higher RV MBF per gram tissue, although this did not reach statistical significance. However, total RV MBF in these dogs was increased markedly compared with controls. Thus, at the two ends of the continuum, from acute banding to RV hypertrophy, either increased MBF or increased mass appears to be the predominant mechanism for increased 201T1 uptake. At intermediate points there probably is a combined effect induced by both mechanisms.
An excellent correlation existed between the degree of RV hypertrophy and the total amount of 201T1 accumulated in the myocardium (r = 0.91). Rabinovitch et al."5 reported a similar excellent correlation in rats with hypobaric hypoxia-induced RV hypertrophy. However, as our study demonstrates, tissue data do not necessarily apply fully to scintigraphic images. The correlation between the degree of RV hypertrophy at postmortem examination and quantification of the visualization of the right ventricle in 201T1 images in vivo was, at best, only fair (r = 0.77). Therefore, in individual dogs with RV hypertrophy, no reliable prediction of the amount of RV hyper- polation of findings in tissue samples to quantification of myocardial images. There are several possible explanations for this lack of correlation. An important factor involves radiation attenuation of the low-energy 201Tl photons by the myocardial mass itself, in particular of the right ventricle, and also by overlying lung and chest wall tissue. Anatomic factors also must be taken into consideration. The right ventricle of the dog has a different orientation from that of humans. We could not obtain LAO images that completely separated right and left ventricles, as can be achieved in humans. As a result, a considerable portion of the right ventricle may not have been projected directly onto the plane of view. Moreover, the distance of the center of RV mass to the crystal surface of the gamma camera was greater than that of the LV mass. Another source of error may have been the relatively low count rates in the regions of interest. Although 250,000 counts were collected per field of view, the count rate in the region of interest over RV free wall ranged from only 30-75 counts per pixel and over the LV free wall, from 50-110 counts per pixel. Analyzing the quantitative data, the best correlation between actual RV hypertrophy and count-density ratios in '1'Tl images existed for background-corrected RV/LV free wall count rate ratio and the RV free wall-to-background count rate ratio. A count rate ratio higher than 0.5 and 1.5, respectively, indicated the presence of an increased RV work load or RV hypertrophy ( fig. 4 ). . L 1263 VOL 64, No 6, DECEMBER 1981 myocardial images has been recognized as abnormal and has been reported in a variety of congenital and acquired heart diseases resulting in increased RV work load. It has been proposed that 201T1 imaging might provide an early and sensitive noninvasive method to detect RV overload and RV hypertrophy. This would be of particular clinical importance because the ECG and chest x-ray are relatively insensitive in detecting RV hypertrophy. Promising results have been reported using echocardiographic techniques for determination of RV wall thickness.',, 17 However, particularly in patients with chronic obstructive pulmonary disease, the clinical reliability of these techniques may be limited by attenuation of echo signals by interposition of lung tissue. further extended these observations in patients with pressure and volume overload of the RV. Although both studies indicated that RV visualization on a resting 201T1 study generally occurs in the presence of elevated RV systolic pressure, no direct relationship appeared between the degree of RV hypertension and the intensity of RV visualization. Although some patients with minimal RV hypertension showed marked RV visualization, other patients with severe hypertension showed considerably less intense RV visualization. Our results explain these clinical results. RV MBF, RV myocardial mass and physical factors involved in myocardial imaging are equally important in the resulting myocardial image. For appropriate clinical interpretation of resting RV 201T1 visualization, the clinical and physiologic status of the patient must be considered. If there is clinical evidence of a recent increase of RV work load, as may occur in pulmonary embolism or acute cor pulmonale, 201T1 RV visualization may be due predominantly to an increase of RV MBF. In contrast, in stable patients, resting RV visualization probably represents RV hypertrophy.
